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Could two degenerate energy states be observed for a superconducting ring at Φ0/2?
A.A. Burlakov, V.L. Gurtovoi , S.V. Dubonos, A.V. Nikulov, and V.A. Tulin
Institute of Microelectronics Technology and High Purity Materials,
Russian Academy of Sciences, 142432 Chernogolovka, Moscow District, RUSSIA.
The Little-Parks oscillations of the resistance and the quantum oscillations of the rectified voltage
observed for asymmetric superconducting Al rings give experimental evidence of two degenerate
energy states at the magnetic flux Φ0/2. The quantum oscillations of the critical current as a
function of magnetic field have also been measured. On the one hand, these oscillations confirm
that the quantum oscillations of the rectified voltage are a consequence of periodical dependence of
the asymmetry of the current-voltage curves and, on the other hand, comparison of the oscillations
with Little-Parks measurements results in contradiction.
One of the most intriguing problems of mesoscopic
physics is a possibility of superposition of quantum
macroscopic states [1]. It is especially urgent because of
the aspiration for realization of the idea of the quantum
computation [2]. The quantum computations has grown
from both the paradoxical nature of the quantum princi-
ples and the contradiction between quantum mechanics
and local realism [3] revealed by A. Einstein, B. Podolsky,
and N. Rosen in 1935 [4] and put into the inequalities by
J.S. Bell in 1964 [5]. The experimental evidence of viola-
tion of local realistic predictions has been obtained for the
present only on the level of particles, first of all photons
[6]. On the mesoscopic level, quantum mechanics contra-
dicts not only to local but also to macroscopic realism
[7]. According to the principle of realism a macroscopic
system with two or more macroscopically distinct states
available to it will at all times be in one or the other of
these states [7], i.e. quantum superposition is not possi-
ble. A. J. Leggett and A. Garg consider this contradic-
tion on the example of rf SQUID, i.e. superconducting
loop interrupted by Josephson junction. This considera-
tion is based on the assumption on two permitted state
in such loop with half quantum Φ0 = pi~/e of magnetic
flux Φ = (n + 0.5)Φ0. The authors [7] do not doubt
that the two states exist and any observation will find a
value corresponding to one of them. But nobody must be
sure of anything in the quantum world till unambiguous
experimental evidence. A. Einstein, B. Podolsky, and
N. Rosen were sure [4] that a process of measurement
carried out on a one system can not affect other sys-
tem in any way. But experimental results [6] have shown
that it can and this phenomenon is called now Einstein -
Podolsky- Rosen correlation. Some experts of quantum
physics doubt about the reality even of the moon o n the
night sky [8].
According to the universally recognized explanation [9]
the numerous observation of the Little-Parks oscillations
[10] of resistance ∆R(Φ/Φ0) of superconducting loop [11]
prove quantization of velocity circulation
∮
l
dlv =
2pi~
m
(n− Φ
Φ0
) (1)
of superconducting pairs and that the permitted state
with minimum energy has overwhelming probability even
FIG. 1: An SEM image of the asymmetric Al ring with radius
r = 2 µm and semi-ring width wn = 0.2 µm, ww = 0.4 µm.
Directions accepted as positive of the external current Iext
and the persistent current Ip are shown by arrows.
at T ≈ Tc. This explanation assumes two permit-
ted states, n and n + 1, with minimum energy at
Φ = (n + 0.5)Φ0 but the Little-Parks oscillations can
not prove this since the resistance ∆R(Φ/Φ0) ∝ v2 ∝
(n − Φ/Φ0)2 [9] has the same value, ∝ (−1/2)2 and
∝ (1/2)2, at n and n + 1. At the geometry, Fig.1,
used for the observation of the Little-Parks oscillations
[11], the velocity, vn, vw of superconducting pairs in the
loop half is determined by an external current Iext =
In + Iw = sn2ensnvn + sw2enswvw and the quantization
(1): lnvn − lwvw = (2pi~/m)(n − Φ/Φ0). The velocity
will mount to the critical value vc = ~/mξ(T )
√
3 [9] in
the loop with equal half length ln = lw = l/2 and an
equal density of superconducting pairs ns = nsn = nsw
at the external current Ic+, Ic− = 2ens(snvc + swvc −
sw(2~/mr)|n − Φ/Φ0| = Ic − |Ip|(sn + sw)/sn when
|vn| = vc or Ic+, Ic− = Ic − |Ip|(sn + sw)/sw when
|vw| = vc. Here Ic = 2ens(sn + sw)vc is the critical
2current which should be measured at n − Φ/Φ0 = 0;
Ip = 2ens[2snsw/(sn+ sw)](~/mr)(n−Φ/Φ0) is the per-
sistent current, i.e. the circular direct current flowing
in the loop halves Ip = In = −Iw without the external
current Iext = In + Iw = 0; r is the radius of the round
loop, i.e. ring, Fig.1, l = 2pir; Ic+ and Ic− are the critical
current measured in opposite directions of Iext. Here and
below the positive values correspond the right-left direc-
tion of Iext, In, Iw and the clockwise one of Ip, Fig.1.
Measurements of the critical current Ic+, Ic− of asym-
metric superconducting loop with different sections sn 6=
sw of the semi-rings may be used for an investigation of
the problem of two permitted states at Φ = (n+ 0.5)Φ0
since the Ic+, Ic− values depend not only on value but
also on sign of Ip ∝ n − Φ/Φ0. The anisotropy of the
critical current Ic,an = Ic+ − Ic− should be proportional
to the persistent current Ic,an = Ip(sw/sn − sn/sw):
the velocity increases mounts the critical value in the
wide half |vw| = vc when Iext and Ip have the same
sign and in the narrow one |vn| = vc when they have
the opposite sign, Fig.1. The periodical change of the
critical current because of the quantization (1) can be
appreciable when the amplitude of the persistent cur-
rent Ip,A = 2ens[snsw/(sn+ sw)](~/mr) is not too small
in comparison with the critical current Ic = 2ens(sn +
sw)~/mξ(T )
√
3. The relation Ip,A/Ic ≃ ξ(T )
√
3/4r can
be enough high at radius r ≈ 1µm available for mod-
ern microtechnology at using superconductor with large
coherence length ξ, such as aluminum.
We used for the investigation asymmetric aluminum
rings with radius r = 2µm, thickness d = 40 − 70 nm,
semi-ring width wn = 0.2 µm, ww = 0.4; 0.3; 0.25 µm,
Fig.1 and also symmetrical rings with wn = ww =
0.4 µm. This nano-structures were fabricated by ther-
mally evaporated on oxidized Si substrates, e-beam
lithography and lift-off process. Their sheet resis-
tance was 0.2 ÷ 0.5 Ω/⋄ at 4.2 K, the resistance ratio
R(300K)/R(4.2K) = 2.5÷ 3.5, and critical temperature
was Tc = 1.24 ÷ 1.27 K. The coherence length of the
like aluminum structures ξ(T ) = ξ(0)(1 − T/Tc)−1/2 ≈
200 nm(1 − T/Tc)−1/2, the London penetration depth
λL(T ) = λL(0)(1 − T/Tc)−1/2 ≈ 50 nm(1 − T/Tc)−1/2
and the thermodynamic critical field Hc(T ) = Hc(0)(1−
T/Tc) ≈ 0.01 T (1− T/Tc).
Our measurements in the temperature region T =
(0.95÷1.0)Tc have shown that the current-voltage curves
are strongly irreversible, Fig.2, at T ≤ 0.995Tc and
the experimental values of the critical current Ic/(sn +
sw) = jc = 10
11 A/m2(1 − T/Tc)3/2 corresponding to
the jump in the normal state are close to the theo-
retical one jc = 2ens(vc)vc = Hc(T )/3
√
6piλL(T ) =
Hc(0)/3
√
6piλL(0)(1 − T/Tc)3/2 [9]. One should not ex-
pect any change of the quantum number n up to the
jump in the normal state since the number of the pairs
pir(sn+ sw)ns(vc) in the ring [12] remains very big up to
v = vc when ns(vc) = 2ns(v = 0)/3 [9]. Therefore the
measurement of the critical current Ic+, Ic− should cor-
responds single measurement of permitted state Ip ∝ n−
FIG. 2: The current-voltage curve measured on an asymmet-
ric aluminum ring with r = 2µm, wn = 0.2 µm, ww = 0.4 µm,
Tc = 1.243 K at T = 1.235 K
FIG. 3: Magnetic dependencies of the permitted velocity v ∝
n−Φ/Φ0 (1), the average equilibrium velocity v ∝ n−Φ/Φ0
(2), the velocity square v2 ∝ (n−Φ/Φ0)
2 (3) and the critical
current (4) expected Ic+, Ic− = Ic−|Ip|(sn+sw)/sw(orsn) for
the ring with sw/sn = 2, Ic = 3.5 µA, Ip = (n − Φ/Φ0) µA
(line) and observed on Al loop with wn = 0.2 µm, ww =
0.4 µm, Tc = 1.235 K at T = 1.225 K (◦).
Φ/Φ0 = 1/2 or −1/2 at Φ = (n+0.5)Φ0, Fig.3. Whereas
the average value obtained at a multiple measurement
should be equal zero Ip ∝ n−Φ/Φ0 ∝ 1/2+ (−1/2) = 0,
Fig.3.
We have found that the values of the critical current
corresponding to the jump in the normal state change
periodically in magnetic field Ic+(Φ/Φ0), Ic−(Φ/Φ0)
whereas the value of the current Ir at which the ring re-
verts in superconducting state, Fig.2, does not depend on
magnetic field and the current Iext direction. The period-
ical dependence of the anysotropy of the critical current
Ic,an(Φ/Φ0) corroborate the interpretation of the quan-
tum oscillations of the dc potential difference Vdc(Φ/Φ0)
3FIG. 4: The Little-Parks oscillations R at T = 1.278 K, the
quantum oscillations of the rectified voltage Vdc/2, induced
by the ac current with frequency f = 0.5 kHz and amplitude
I0 = 20 µA at T = 1.253 K and of the critical current Ic+,
Ic− at T = 1.253 K measured on the ring with wn = 0.2 µm,
ww = 0.3 µm and Tc = 1.288 K.
[13] as a consequence of the rectification of the ac external
current Iext(t): Vdc = Θ
−1
∫
Θ
dtV (Iext(t)). The quan-
tum oscillations Vdc(Φ/Φ0) appear when the amplitude
I0 of the external current Iext(t) = I0 sin(2pift) exceeds
minimum from the Ic+, Ic− values I0 > min(Ic+, Ic−), its
amplitude VA mounts the maximum at max(Ic+, Ic−) >
I0 > min(Ic+, Ic−) and decreases when the I0 exceeds
maximum from the Ic+, Ic− values, see Fig.2,6 in [13].
The rectified voltage Vdc = Θ
−1
∫
Θ
dtV (Iext(t)) ∝
−RIc,an = −R
∑
Θf (Ic+ − Ic−)/Θf at I0 >
max(Ic+, Ic−) since the current voltage curves V (Iext),
Fig.2, are symmetrical at |Iext| < min(Ic+, Ic−) and
|Iext| > max(Ic+, Ic−). Therefore the measurement of
the rectified voltage Vdc ∝ −RIc,an ∝ Ip ∝ n − Φ/Φ0
should correspond to multiple measurement of quantum
states. The measurements [13] and of our numerous
measurements have shown that all Vdc(Φ/Φ0) depen-
dencies cross zero at Φ = nΦ0 and Φ = (n + 0.5)Φ0,
Fig.4. The results of the measurements of the rec-
tified voltage Vdc(Φ/Φ0) ∝ v ∝ n − Φ/Φ0 and the
Little-Parkse ∆R(Φ/Φ0) ∝ v2 ∝ (n− Φ/Φ0)2 oscilla-
tions made on the same ring, Fig.4, give evidence of
two permitted states with the same minimum energy
∝ v2 ∝ (n − Φ/Φ0)2 = (1/2)2 = (−1/2)2 at Φ =
(n+0.5)Φ0. There is not possible to explain the quantum
oscillations ∆R, Vdc(Φ/Φ0) and the simultaneous obser-
vation of the maximum resistance ∆R(Φ/Φ0) ∝ v2 and
the zero voltage Vdc(Φ/Φ0) ∝ v = 0 without the as-
sumption of two permitted states at Φ = (n + 0.5)Φ0:
v2 ∝ ((1/2)2+(−1/2)2)/2 = 1/4 = max(n−Φ/Φ0)2 and
v ∝ (1/2) + (−1/2) = 0, Fig.3.
The expected magnetic dependencies of the critical
current Ic+(Φ/Φ0), Ic−(Φ/Φ0), Fig.3, allow to explain
the periodical dependencies Vdc(Φ/Φ0) of the rectified
FIG. 5: The quantum oscillations of the critical current Ic+,
Ic− in opposite directions and its anisotropy (an) Ic,an =
Ic+ − Ic− measured on single loops with wn = 0.2 µm, ww =
0.3 µm and Tc = 1.23K at different temperature T = 1.271 K
(1) and 1.243 K (2).
voltage observed on asymmetric loop and its system
[13]. But the experimental periodical dependencies
Ic+(Φ/Φ0), Ic−(Φ/Φ0), Fig.3,5, differ in essence from
the expected one. First of all we have found that the
anisotropy dependencies Ic,an(Φ/Φ0) correspond rather
multiple Ic,an ∝ n− Φ/Φ0 than single Ic,an ∝ n− Φ/Φ0
measurement, Fig.5. The anisotropy dependencies ob-
served at difference temperature on different rings with
wn = 0.2 µm and ww = 0.4; 0.3; 0.25 µm can be described
by the relation Ic,an(Φ/Φ0, T ) = Ip(Φ/Φ0, T )(ww/wn −
wn/ww), where Ip(Φ/Φ0, T ) = Ip(0)(n−Φ/Φ0)(1−T/Tc)
are close to the expected values of the persistent current.
It is more strange that the magnetic dependencies of
the critical current measured in opposite directions are
similar Ic+(Φ/Φ0) ≈ Ic−(Φ/Φ0+∆φ) and its anisotropy
Ic,an = Ic+ − Ic− 6= 0 results from a shift ∆φ =
∆Φ/Φ0 6= 0 of these dependencies one relatively an-
other. This shift is very strange since the minimums
of the Ic+(Φ/Φ0), Ic−(Φ/Φ0) are observed at Φ = (n +
0.5 + ∆φ/2)Φ0 and Φ = (n + 0.5 − ∆φ)Φ0 but not at
Φ = (n + 0.5)Φ0 as it should be expected, Fig.3, and as
it is observed for symmetrical ring [14]. The shift value
∆Φ can be measured enough precisely, up to ±0.02Φ0,
because of the Ic+(Φ/Φ0), Ic−(Φ/Φ0) periodicity and the
possibility to observe many, up to 25, periods.
Our measurements in the temperature interval 0.96÷
0.99Tc have shown that with this precision the shift has
the same value ∆φ = 0.5 for all asymmetric ring with
ww/wn 6= 1 which we investigated. The shift value
does not change with both temperature and value of ring
anisotropy in the investigated interval ww/wn = 2÷1.25:
∆φ = 0.5 ± 0.02 for the rings with ww = 0.4 µm
ww = 0.3 µm and ww = 0.25 µm, at wn = 0.2 µm.
We did not investigated for the present a ring with
1 < ww/wn < 1.25 but it is obvious that the shift
4FIG. 6: The oscillations of the resistance R at T = 1.356 K,
of the critical current Ic+, Ic− at T = 1.307 K measured on
symmetrical ring with wn = ww = 0.4 µm, Tc = 1.358 K (1)
and Ic+, Ic− measured on asymmetric ring with wn = 0.2 µm,
ww = 0.25 µm, Tc = 1.275 K (2) at T = 1.236 K.
should change in this interval ww/wn = 1 ÷ 1.25 from
zero to the maximum value ∆φ = 0.5 since it must
be equal zero ∆φ = 0 for the ring with ideal symme-
try. Our investigations of the rings with equal semi-ring
width wn = ww = 0.4 µm showed that it is difficult
to make an enough symmetrical ring. We found that
Ic+(Φ/Φ0) = Ic−(Φ/Φ0) without a visible shift only for
one of three rings whereas for two others the best co-
incidence Ic+(Φ/Φ0) = Ic−(Φ/Φ0 + ∆φ) is observed at
∆φ = 0.05 and ∆φ = 0.07.
The shift ∆φ = 0.5 observed for asymmetric ring
with ww/wn ≥ 1.25 can not be explained by the dif-
ference between the total magnetic flux Φ = BS +ΦI =
BS+LnIn−LwIw and the flux Φ ≈ BS induced only by
an external magnet since it does not change with the ring
asymmetry ww/wn and when he critical current Ic(T )
changes in some times with temperature, Fig.5. The ad-
ditional flux ΦI = LnIn −LwIw = LIext(sw − sn)/(sw +
sn) + LIp induced by the external current Iext = Ic and
the persistent current is small ΦI < 0.04Φ0 in our ring,
in contrast to the case of asymmetric loop with double
Josephson junctions investigated in [15] (see also [16]),
because of the small inductance L ≈ 2 10−11 G and
small value of the critical current of the ring near Tc:
Ic < 30 µA at T > 0.96Tc.
It is obvious that the quantum oscillations both of
the critical current and the resistance are consequence
of the velocity quantization (1) and we should expect
that the minimums Ic+(Φ/Φ0), Ic−(Φ/Φ0) should corre-
spond to the maximums of the v ∝ n− Φ/Φ0, as well as
the maximums ∆R(Φ/Φ0) correspond to the maximums
of v2 ∝ (n − Φ/Φ0)2 both for symmetrical and asym-
metric, Fig.3, rings. The observations of the minimums
of Ic+(Φ/Φ0) = Ic−(Φ/Φ0) = Ic(Φ/Φ0) and the maxi-
mums of ∆R(Φ/Φ0) dependencies measured on symmet-
rical rings at Φ = (n + 0.5)Φ0, Fig.6, correspond to this
expectation. But the shift of the critical current depen-
dencies measured on rings with ww/wn ≥ 1.25 relatively
the one measured on the symmetrical one, Ic+(Φ/Φ0) =
Ic(Φ/Φ0 − 0.25), Ic+(Φ/Φ0) = Ic(Φ/Φ0 + 0.25) Fig.6,
reveal the contradiction between the results of measure-
ments made on the same asymmetric superconducting
loop: the experimental ∆R(Φ/Φ0) dependencies, Fig.4,6,
gives evidence the maximums v2 at Φ = (n+0.5)Φ0 and
v2 = 0 at Φ = nΦ0 both for symmetrical and asymmetric
rings whereas the Ic+(Φ/Φ0), Ic−(Φ/Φ0) dependencies
measured on asymmetric rings contradict to this conclu-
sion. According to the principle of realism if two experi-
mental results contradict against each other one of their
is incorrect. Therefore our results are either incorrect or
are experimental evidence of violation of the principle of
realism on the mesoscopic level.
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